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Open access under the ElThe phenol quantiﬁcation using boron-doped nanocrystalline diamond (BDND) from electroanalytical
technique of square wave voltammetry (SWV) is reported. BDND depositions were performed using
Hot Filament Chemical Vapor Deposition reactor, where it was possible to grow ﬁlms with statics sub-
strate-holder (sample S1) or with spinning substrate-holder (sample S2). The variation of this growth
parameter induced signiﬁcant changes on the electrode properties. For example, the electrode S2 pre-
sented smoothness surface with low roughness in relation to that for electrode S1. Besides, Raman spec-
tra showed different features for both electrodes that could be related to boron incorporation.
Electrochemical measurements also presented differences between electrodes, showing the advantages
of electrode S2, such as, rapid charge transfer, large electrochemical area and excellent phenol detection
limit 0.1 mg L1. The phenol standard sample of 8.0 mg L1 was used to validate the application of this
electrode as a nanosensor. Its concentration calculated from SWV using electrode S2 was 8.2 ± 0.2 mg L1
while from Ion Chromatograph it was 7.9 ± 0.1 mg L1. These results demonstrated the high potential of
BDND electrodes for electroanalytical applications.
 2011 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
Nowadays public concern and legislation are demanding better
environmental control. Moreover, the increase of the number of
analytes requires more suitable analytical methods to monitor
them. Indeed, conventional methods reach the highest accuracy
with low detection limits, but are expensive, time-consuming
and require the use of highly trained personnel. Nonetheless, the
use of electroanalytical methods for controlling a variety of organic
and inorganic substances has allowed reaching detection limits
compatible with environmental regulations. In this context, the
sensors can also meet the need for their continuous use and real-
time to replace the intermittent analytical techniques used in
industrial processes.
The aromatic compounds, and particularly the phenolics, have
high toxicity and low water solubility and are released in the
wastewaters from a considerable number of industries. The phenol
is potentially fatal if ingested, inhaled and absorbed by skin and
may cause severe burns and affect central nervous system, liver
and kidney. In the Brazil, legal restriction promulgated by the
government deﬁnes a limit value of 0.5 mg L1 for phenol in the
industry efﬂuents [1]. So, we focus our work in this analyte using
boron-doped nanocrystalline diamond (BDND) as nanosensor from
electroanalytical technique of square wave voltammetry (SWV).x: +55 12 3208 6717.
.
sevier OA license.However, when the subject is nanoscience and nanotechnology
it is necessary to be careful; because of the properties related to the
particle reduction may be more important than those related to its
size. This behavior is associated with the fact that some very small
structures usually have new properties and behavior that are not
displayed by the bulk matter with the same compositions. Perhaps
one of the most intuitive effects is due to the change in the surface/
volume ratio. As a result of the size reduction new effects appear
and play an important role. In this sense, if the surface/volume ra-
tio increases, the surface phenomena will predominate over the
chemistry and physics bulk properties [2]. Riu et al. [2] have dis-
cussed the main concepts behind the development of nanosensors
and the most relevant applications in the ﬁeld of environmental
analysis. They showed that important characteristics and quality
parameters of the nanosensors can be improved over the case of
classically modeled systems merely by their size reduction. For
example, using a nanosensor the sensitivity can increase due to
the better conduction properties, the limits of detection can be
lower, small quantities of samples can be analyzed, the direct
detection is possible without using labels, and some reagents can
be eliminated.
In the last year, the topic of interest in scientiﬁc community has
been the nanocrystalline diamond (NCD). The NCD may be
produced with different crystalline structures and grain sizes
depending on the growth chemistries, such as argon-rich and
hydrogen-poor gas phase [3–5]. And, doped NCD ﬁlms can be
grown by adding nitrogen or boron in growth mixture to get the
n-type or p-type semiconductor materials, respectively, for
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successful and widely used acceptor in diamond. The success of
efﬁcient diamond doping is largely dependent on the structural
conformation of the dopant and the type of bonding to surrounding
the carbon atoms.
Considering the electrochemical characteristics of sensors
based on BDND, several studies have reported promising results
for these electrodes like a fast response, low detection limit, high
stability and excellent response accuracy [6–8]. The sensors have
been classiﬁed according to multiple criteria [2]. The most com-
mon way to group sensors considers either the transducing mech-
anism (electrical, optical, mass, etc.), the recognition principle
(enzymatic, DNA, molecular recognition, etc.) or the applications
(environmental, food, medical diagnosis, etc.).
The SWV has proved to be extremely sensitive to the detection
of organic molecules among the electroanalytical techniques used
[9]. However, to our best of knowledge, there are no reports of phe-
nol detection at BDND electrodes using SWVmeasurements. In this
context, this work is an extension of our previous efforts, where the
detection of oxalic acid was obtained using BDND electrodes with
different pre-treatments from the SWV technique [8]. Therefore,
the goal of this work is to analyze the inﬂuence of morphological
and structural changes of BDND ﬁlms on the electrochemical
behavior and phenol electro-oxidation process associated to Ion
Chromatography technique to validate these electrodes.
To evaluate the electrode surface areas chronoamperometry
technique was used, where the current was correlated by the con-
centration gradient of oxidized/reduced species on the working
electrode surface by the Cottrell equation [10]:
It ¼ ðn  F  Co  A  D1=2Þ=ðp1=2  t1=2Þ ¼ b  t1=2 ð1Þ
where It is the current in time t, n is the number of electrons, F is
Faraday constant, A is the electrode area, Co is the concentration
of oxidized species and D is the diffusion coefﬁcient of oxidized spe-
cies. Two potentials were applied in the potential-step chrono-
amperometry. The ﬁrst potential (E1) was set in the electro-active
species interval that does not occur any reaction, meanwhile the
second potential (E2) has been set on the oxidation interval.2. Experimental details
Diamond ﬁlms depositions were performed using hot ﬁlament
chemical vapor deposition (HFCVD) technique using the following
growth parameters: temperature of the 900 K, pressure of the
6.7 kPa, deposition time of the 6 h and gas mixture of CH4/H2/Ar
with ﬂow of 1/19/80 sccm. Boron precursor was obtained by forc-
ing H2 through a bubbler with B2O3 dissolved in methanol. The
doping level corresponds to the acceptor concentrations at around
1020 cm3 atoms B/C, calculated from Mott–Schottky plot analysis,
for both samples. All the ﬁlms were grown on polished silicon
(1 0 0) 1  1 cm2 substrates in a statics substrate-holder (sample
S1) or in a spinning substrate-holder (sample S2). The substrates
were prepared by ultrasonic hexane bath with 0.25 lm diamond
powder during 60 min. The morphology, roughness and quality
of the ﬁlms were evaluated by scanning electron microscopy
(SEM) using a JEOL JSM-5310 model, by atomic force microscopy
(AFM) using a Nanoscope V Multimode in air and operated in
tapping mode, and by micro-Raman scattering spectroscopy
(Renishaw microscope system 2000) using the 514.5 nm line of
an argon ion laser taking the spectra covering the range from
300 to 3500 cm1. Sessile drop contact angle (CA) measurements
of as-grown samples were obtained on a Krüss Easy Drop using
high-purity deionized water at room temperature and atmospheric
pressure, with accuracy ± 3.The X-ray photoelectron spectroscopy (XPS) analysis was car-
ried out at a pressure of less than 106 Pa using a commercial spec-
trometer (UNI-SPECS UHV) to verify the changes in surface
chemical composition of the deposited specimens. The Mg Kalpha
line was used (hm = 1253.6 eV) and the analyzer pass energy was
set to 10 eV. The inelastic background of the C1s and O1s electron
core-level spectra was subtracted using Shirley’s method. The com-
position of the surface layer was determined with an accuracy
of ± 10% from the ratio of the relative peak areas correct by sensi-
tivity factors of the corresponding elements. The spectra were ﬁt-
ted without placing constraints using multiple Voigt proﬁles. The
width at half maximum (FWHM) varied between 1.2 and 2.1 eV
and the accuracy of the peak positions was ±0.1 eV.
Electrochemical measurements were carried out using Autolab
PGSTAT 302 equipment in a three-electrode compartment cell with
50 cm3 of capacity. The BDND ﬁlms were used as working elec-
trode and their geometric area in contact with the electrolyte
was 0.10 cm2. The platinum coil and Ag/AgCl electrodes were used
as counter and reference electrodes, respectively. The sweep rate of
0.1 V s1 and electrolyte support of 0.5 mol L1 H2SO4 were used in
all measurements. The quantitative detection of phenol was
carried out using SWV in a concentration range from 30 to
130 lmol L1. Before each measurement the solution was stirred
with N2 (99.99%) for 10 min, and after each subsequent measure-
ment the BDND surfaces were treated by anodic polarization
(2.8 V vs. Ag/AgCl) for 10 s followed by cathodic polarization
(2.8 V vs. Ag/AgCl) for 10 s. This procedure was necessary to
restore the initial electrode activity [11,12]. All experiments were
conducted at 22 ± 2 C. The chronoamperometric technique was
used to determine the electrode electrochemical areas. The mea-
surements were carried out using different solution concentrations
(0.2–1.0  103 mol L1) of the redox couple FeðCNÞ3=46 , E1 = 0.3 V
for 2 s and E2 = 1.1 V (electrode S1) or 0.6 V (electrode S2) for 10 s.
The phenol solutions used in electrochemical measurements
were prepared with phenol reagent-grade quality (99% –
Sigma–Aldrich) and sulfuric acid (97% – MERCK). Another solution
of 8 mg L1 was prepared from a phenol standard solution of SPEC-
SOL (SRM 136f NIST–USA) to compare the results obtained from
the BDND electrode using SWV and chromatographic technique.
The chromatography analyzes were performed using Ion Chro-
matograph (850 Professional IC, Metrohm) equipped with ampero-
metric detector (791 VA) and a phenol column (Protonsil Enviro
PHE 3 lm). The eluent used for this analysis was 20 mmol L1
KNO3 + 0.5 mmol L1 H2SO4 + 30% methanol + ultrapure deionized
water.3. Results and discussion
3.1. Morphological and structural characterizations
AFM images over a 30 lm  30 lm area permitted the observa-
tion of roughness and the grain morphology of the BDND elec-
trodes S1 and S2 as shown in the Fig. 1a and b, respectively. The
surface of the electrode S1 is quite different from that of the elec-
trode S2. For instance, the electrode S1 has a cauli-ﬂower structure
composed by clusters of small particles with different sizes. On the
other hand, a more uniform morphology and ﬂat surface is seen on
the electrode S2. Because of its cauli-ﬂower structure, the rough-
ness of the electrode S1 is greater than that for the electrode
S2 whose estimated values were 77.9 ± 0.3 and 51.3 ± 0.5,
respectively.
SEM image allowed the morphology analyzes of BDND ﬁlms as
shown in Fig. 2a and b. Again, it is clear that the surface of
electrode S1 presented crystallites with different sizes while the
surface of electrode S2 present a very smooth morphology. This
Fig. 1. AFM topographic images of BDND electrodes (a) S1 and (b) S2, respectively.
Fig. 2. SEM topographic images of BDND electrodes (a) S1 and (b) S2, respectively.
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the substrate-holder turns during the growing process, it ensures
a high homogeneity on the ﬁlm surface. Therefore, it is possible
to observe these differences between ﬁlms at the same deposition
time.
Eight features were identiﬁed in the Raman spectra of BDND
ﬁlms shown in Fig. 3a and b. The spectrum for the electrode S1
does not have prominent diamond one-phonon line at 1332 cm1
as it is veriﬁed for single crystal diamond. It is hidden by the strong
scattering of sp2 carbon components in this ﬁlm. Besides, the
broadening of this peak, related to the D band present at
1350 cm1, overlaps the diamond peak. This behavior is usually
observed in NCD for Raman excitation in the visible region. On
the other hand, in the spectrum of electrode S2, the diamond peak
is visible and shifted to lower wavenumber (1300 cm1) that is re-
lated to impurities formed in heavily doped ﬁlms showing a metal-
lic like conductivity [13]. For both samples the spectra exhibited a
shoulder at 1150 cm1 and a peak at 1490 cm1 related to trans-
polyacetylene (TPA) segments at the grain boundaries of NCD sur-
face [14]. Nonetheless, in the S1 spectrum the peak at 1490 cm1 is
more intense than the G peak (1550 cm1) indicating the elevated
proportion of sp2-bonded carbon in this ﬁlm, also conﬁrmed by thehigh intensity of its second order Raman spectra around
2800 cm1. The broad bands at around 500 and 1220 cml present
in these ﬁlms are still subject of an intense debate. They have been
associated with the actual boron incorporation in the lattice, rather
than the hole concentration [15]. The presence of the 500 cm1
peak is attributed to the concentration increase of the boron pairs.
These boron pairs have local vibration modes giving wide bands
around of 500 cm1 [15]. In addition, the band centered at
1220 cm1 is attributed to the Fano interference between the dis-
crete phonon state and the electronic continuum. Pruvost and
Deneuville [16] have suggested that the Fano effect appears above
a critical percolation threshold for the achievement of the metallic
conductivity on the boron impurity band. Meanwhile, Ager et al.
[17] have reported that the Fano effect is attributed to the transi-
tion from the broadened impurity band to continuum states com-
posed of excited acceptor and valence band sates. Recently, May
et al. [18] have studied systematically the behavior of these bands
in doped diamond ﬁlms: microcrystalline, cauli-ﬂower and faceted
nanocrystalline, using different doping levels. They concluded that
the band at 1220 cm1 is less prominent for NCD ﬁlms that present
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Fig. 3. Raman spectra of BDND electrodes (a) S1 and (b) S2, respectively.
Fig. 4. Images of water droplet in contact to the surface of the BDND electrodes (a)
S1 and (b) S2, respectively.
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The reason is that the majority of the B is present at sites that do
not contribute to the continuum of electronic states. Such sites
must include (a) interstitials, (b) the surface of the crystallites, or
(c) bonded within the nondiamond carbon impurities present at
the grain boundaries. This behavior should justify the low intensity
of the band at 1220 cm1 observed in Raman spectrum of electrode
S1 that presented the cauli-ﬂower morphology.
Apparently, the ﬁlms’ wettability by water showed a depen-
dence of their surface termination with the growth experimental
conditions as shown in Fig. 4a and b. Both samples presented a
hydrophilic character (CA < 90) with values of 35 and 80 for S1
and S2 samples, respectively. However, the difference between
the CA for ﬁlms, principally the lower CA for the sample S1, might
be related to a higher amount of oxygen-terminated surface of the
electrode as observed in the XPS analysis presented below.
Assuming that the nanocrystalline grains are mainly sur-
rounded by graphitic and oxygenated carbon forms, XPS spectra
should reveal a surface enrichment of graphitic, oxygen-bonded
and dangling bond carbon components with respect to a pure dia-
mond ﬁlm. This assumption was adequately conﬁrmed by the
quantitative analysis of XPS C1s and O1s spectra. A better ﬁtting
to the experimental data was obtained by assuming the presence
of impurities in the form of a number of distinct groups of chemical
species, emerging at separate binding energies (BE) due to different
chemical shifts. As a matter of fact, the analysis of residual curves
suggests that this result is affected only by minor errors. Moreover,
the relevant physical parameters related to each component, e.g.,
the mixing Gaussian/Lorentzian factor, Chi^2 and the peak width(FWHM) are completely meaningful, thus allowing a reliable qual-
itative and quantitative analysis.
TheXPS C1s spectra of BDNDﬁlms are shown in Fig. 5a and b. The
most intense peak (III), centered at 285 eV, was attributed to the
CAH structures. The peak (II) at about 284.4 eV is related to CAC
bonds and the three remaining peaks, centered at higher binding
energies, could be reasonably assigned to alcohol or ether (peak
IV), carbonyl (peak V) and carboxyl or ester (peak VI) functional
groups, respectively [19]. In addition to other peaks, inXPSC1s spec-
trum of S2 electrode appears a small subpeak (peak I) at 283.0 eV
that is commonly attributed to surface reconstruction under inﬂu-
ence of hydrogen [20]. The ﬁtted XPS O1s spectra of these ﬁlms
(not shown), conﬁrmed the presence of CAO bond (alcohol or ether)
with approximately 83% to S1 electrode and 59% to S2 electrode, fol-
lowed by contributions of C@O (carbonyl) and OAC@O (carboxyl or
ester) bonds. Comparing the areas of the ﬁtted components for both
ﬁlms, the CAH/Coxygen-bonded ratios were 2.2 and 3.8 for S1 and S2
electrode, respectively. These results conﬁrm that the surface of S1
electrode have more oxygen-termination bonds than S2 electrode
that could result in a passivation of the S1 electrode surface, mainly
during the electrochemical measurements. These structural differ-
ences on the electrode surfaces were also elucidated byMott–Shot-
tky plot measurements described in Section 3.2.
3.2. Electrochemical measurements and analytical performance of the
BDND electrode
The graphs of Fig. 6 represent the Mott–Schottky plots of the
BDND electrodes. The physical meaning of a Mott–Schottky plot
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42 A.F. Azevedo et al. / Journal of Electroanalytical Chemistry 658 (2011) 38–45is the effect of potential E on the thickness of the space-charge
layer in the semiconductor. The intercept of the linear part of the
curve with the potential axis at C2 = 0 represents the ﬂat-band po-
tential (EFB), while the slope of the curve allows to determine the
acceptor densities in the semiconductor [21]. The values of EFB
found for the S1 and S2 electrodes were about + 2.5 V vs. Ag/AgCl
and + 1.8 V vs. Ag/AgCl, respectively. Many works describe theuse of electrochemical impedance spectroscopy as well as the
capacitance–potential measurements to demonstrate the differ-
ences in diamond electrode behavior [22–24]. For example, Actins
et al. [22] have mentioned that the values of the ﬂat-band poten-
tials for H-terminated BDD and for photochemically oxidized
BDD were 0.52 V and 1.11 V vs. SCE, respectively. Becker and
Jüttner [25] explained the occurrence of the resistance associated
to the high-frequency element in the BDD impedance by a partial
blocking of the diamond electrode surface. However, this resis-
tance is reduced when the BDD surface undergoes the cathodic
treatment (increase of H-terminations). This could be related to a
superﬁcial conductive layer (SCL) that exists on hydrogen-termi-
nated diamond surface and it can improve the charge transfer
and may explain the enhanced electrochemical response [24].
Remembering that no pre-treatment was done on the surface of
these samples, the difference between the values of EFB can be ana-
lyzed considering the superﬁcial terminations of ﬁlms observed
from XPS analysis. In fact, the S1 electrode presented a higher frac-
tion of carbon–oxygen bonds, of about 22% (C1s peak) compared
with the S2 electrode (16%). Consequently, the higher value EFB
of S1 electrode might be related to the formation of CAO functional
groups.
Cyclic voltammetry i–E curves are useful to exam the diamond
ﬁlm behavior because the electrochemical response is highly sen-
sitive to physicochemical properties of the electrode. The magni-
tude of the background current and the voltammetric features
present within the working potential window are sensitive to
nondiamond sp2 carbon impurity presence [26]. Fig. 7 shows cyclic
voltammetry i–E curves for the both ﬁlms in 0.5 mol L1 H2SO4
solution. The background current is low, around 1.2 lA at
500 mV, and the potential window is approximately 2.2 V vs.
Ag/AgCl for both ﬁlms. The electrode S1 showed a pronounced
anodic peak on the forward sweep at 1.7 V vs. Ag/AgCl that is less
evident on electrode S2. This oxidation process is assigned to the
oxidation of the grain boundary sp2 carbon present on the diamond
surface [26]. In fact, the electrode S1 has more grain boundary sp2
carbon quantity than that for the electrode S2 (from Raman
spectra), justifying this result.
In order to characterize the electrochemical kinetic we have
applied cyclic voltammetry using the redox couple FeðCNÞ3=46 .
This redox system includes reactions that depend on the speciﬁc
interactions with the surface electrode. Besides, the electrode
kinetics for this kind of redox couple tends to be more sensitive
to the surface functionalities on sp2-bonded carbon electrodes
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the surface termination with the smallest values observed at the
hydrogen-terminated surface and highest values for surface with
oxygen-terminations [28]. The values of DEp for the electrodes S1
and S2 were 1100 and 80 mV, respectively, with scan rate at
0.1 V s1 as shown in Fig. 8. For reference, the theoretical DEp for
a kinetically-fast redox system is 59/n mV for FeðCNÞ3=46 (1e
redox reaction) are consistent with an active electrode. The elec-
trode kinetics for the electrode S1 is more sluggish than the elec-
trode S2, this may be due to the presence of functional groups.
The kinetics for FeðCNÞ3=46 is controlled by the presence of the
carbon–oxygen functionalities that may inhibit the kinetics on
the electrode S1. From Fig. 7, we can note that the electrode S1
present the oxidation of the grain boundary sp2 carbon. This oxida-
tion may be the responsible for the delay of the kinetic response as
we can observe in the DEp.
The electrochemical area of the electrodes was determined by
chronoamperometry technique from the Cottrell equation as men-
tioned previously. In Fig. 9 is shows (a) the resulting current–time
response and (b) the current as a function of t1/2 according to
Cottrell´s equation. In this experiment was used a solution contain-
ing 1.0  103 mol L1 K4FeðCNÞ3=46 + 0.5 mol L1 H2SO4. The cal-
culated electrochemical areas were 0.090 ± 0.02 cm2 for electrode
S1 and 0.190 ± 0.03 cm2 for electrode S2, remembering that their
geometric area is 0.10 cm2. So, this result corroborates with our
discussion from Raman analyzes. For the electrode S1 the majority
of boron atoms should be present at sites that do not contribute to
the continuum of electronic states.
For any quantitative method there is a range of analyte concen-
trations on which the method can be applied. In the low concentra-
tion range, the limiting factors are the values of detection and
quantiﬁcation limits [29,30]. The detection limit of phenol for both
electrodes was investigated by SWV [9]. In this technique, the net
current (inet), centered on the redox potential, is obtained by taking
the difference between the forward and reverse currents (ifor  irev).
The current peak height is directly proportional to electro-active
species concentration and the direct determination of the detec-
tion limit is possible. Fig. 10a and b shows the square wave voltam-
mograms for both electrodes. The electrode S1 did not present a
well-deﬁned current proﬁle as a function of the phenol concentra-
tion, being very different from voltammograms obtained for the
electrode S2. Moreover, the electrode S1 presented the lowest cur-
rent density and the highest starting phenol oxidation potential
(1.20 V vs. Ag/AgCl) while the electrode S2 presented an excellent
accuracy of phenol oxidation peak at 1.12 V vs. Ag/AgCl. In Fig. 10,-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
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Fig. 8. Cyclic voltammetry i–E curves for in 1 mmol L1 K4FeðCNÞ3=46 + 0.5 mol L1
H2SO4 at both ﬁlms. Scan rate at 0.1 V s1.the inset corresponds to the analytical curve in the current peak vs.
the concentration in the range of 30–130 lmol L1 for each elec-
trode. In spite of the voltammogram of the standard sample
(8 mg L1) to appear in Fig. 10 it was not considered in the analyt-
ical curve. From linear regression analysis of an analytical curve
was found these equations:
ip ¼ ð5:4857 107  1:5755 107Þ þ ð5:1857 107
 1:8112 109Þ  ½phenol ð2Þ
and
ip ¼ ð2:5057 107  1:1783 107Þ þ ð1:3522 107
 1:1716 109Þ  ½phenol ð3Þ
that correspond to the electrode S1 (Eq. (2)) and electrode S2 (Eq.
(3)), respectively. These equations were used to evaluate the detec-
tion limit (DL) and quantiﬁcation limit (QL). The DL and QL were
calculated from the criterion DL = 3r/h and QL = 10r/h, respectively,
where r denote the standard deviation of arithmetic media of the
currents obtained from ten voltammograms of blanks and h is the
slope of analytical curves [9,29]. Although, the electrode S1 did
not present a good linear relation between the current peak and
the phenol concentration, we decided to analyze it too. The elec-
trode S1 presented a phenol DL of 1.0 mg L1 and phenol QL of
3.5 mg L1 while the electrode S2 presented a phenol DL of
0.1 mg L1 and phenol QL of 0.4 mg L1, conﬁrming the possibility
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Fig. 10. Square wave voltammograms in 0.5 mol L1 H2SO4 for different phenol concentrations from (a) 30; (b) 50; (c) 70; (dash style)standard; (d) 90; (e) 110 and (f)
130 lmol L1, using BDND electrodes S1 and S2. f = 60 Hz, step potential = 2 mV and amplitude = 70 mV. Inset: analytical curve for phenol peak.
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efﬂuent.
Finally, the analytical performance of BDND electrodes using
SWV was evaluated. The values presented below were obtained
from average of three measurements. And, the phenol standard
sample of 8.0 mg L1 was used to validate this methodology. From
the Eqs. (2) and (3) was possible to determine the values of phenol
standard sample measured using the electrodes S1 and S2. These
values were 9.0 ± 0.3 and 8.2 ± 0.2 mg L1, respectively. The same
standard sample was also injected at Ion Chromatograph and the
value obtained was 7.9 ± 0.1 mg L1. As preliminary tests, we con-
sider the results obtained for BDND electrode S2 excellent, but
more analytical technique will be studied in future works, such
as, the use of High Performance Liquid Chromatography (HPLC)
or Flow Injection Analysis (FIA) with amperometric detection using
this electrode. Furthermore, we are going to intend to analyze thedifferent industry efﬂuents to evaluate the effective application of
the BDND electrode.4. Conclusion
From AFM and SEM images the roughness as well as the mor-
phologies was quite different for both BDND ﬁlms studied. All
characteristics features in the Raman spectra of nanocrystalline
diamond ﬁlms were found including the broad band around
500 cml that corresponding to the boron pair vibration. It was
shown that XPS, contact angle and Mott–Schottky measurements
are fundamental tools to analyze the structure and chemical com-
position of the BDND surfaces. Thus it is clear that the variation of a
deposition parameter can inﬂuence the ﬁlms growth. From electro-
chemical analyzes, the potential window was approximately 2.2 V
A.F. Azevedo et al. / Journal of Electroanalytical Chemistry 658 (2011) 38–45 45vs. Ag/AgCl for both ﬁlms. However, the values of DEps and electro-
chemical area were different between them corroborating with the
previous discussion from Raman analyzes, and indicated that the
electrode S2 had the surface structure and properties to support ra-
pid charge transfer. The results for phenol oxidation showed that
the electrode S2 presented the lowest detection limit of about
0.1 mg L1. And, the methodology using SWV and BDND electrodes
was validated with the Ion Chromatography assay. In general,
these results conﬁrmed the importance to control the BDND
electrode surfaces which strongly may affect the electrochemical
behavior, showing the availability of BDND electrode as a
nanosensor.
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